ABSTRACT. The minimal inhibitory concentrations (MICs) of 23 Treponema phagedenis-like spirochetes isolated from dairy cattle with papillomatous digital dermatitis (PDD) lesions in Japan were investigated by a broth microdilution method using 15 antimicrobial agents. Although all MIC values showed a monomodal distribution, the MICs of the antimicrobial agents for 90% (MIC 90 ) of the isolates tested varied among the agents examined. The MIC 90 values for penicillin G, ampicillin, and erythromycin were <0.06 g/ml. In contrast, the MIC 90 values for kanamycin, streptomycin, rifampicin, sulfamethoxazole, trimethoprim, and colistin were >128 g/ml. Oxytetracycline, lincomycin, enrofloxacin, chloramphenicol, ceftiofur, and gentamicin showed intermediate values, i.e., 0.5~32 g/ml. The present study suggested that no isolate had acquired resistance to the antimicrobial agents examined, although they may have natural resistance to some agents. Furthermore, the in vitro antimicrobial susceptibility data would provide helpful information for PDD treatment and the development of a selective medium for isolating the organism effectively.
Papillomatous digital dermatitis (PDD) is an infectious foot disease of cattle and has been recognized throughout the world [2, 4, 17] since it was first reported in Italy in 1974 [3] . Although the precise etiology of PDD remains unclear, it is thought to be caused by bacteria, since treatment with antibiotics results in rapid resolution of the lesions [7, 16] . Indeed, a large number of treponemes have been detected in PDD lesions, and they are considered to be one of the most important agents in the pathogenesis of the disease [9, 13] . For the treatment of PDD, antibiotics, such as penicillin G and oxytetracycline, administered by systemic or local injection, spraying, or foot bath have been applied [10, 16] . However, recurrent infection has also been reported [16] . For the treatment of PDD and development of a selective medium for effective isolation, it is important to assess the susceptibility of the etiological organism(s), including treponemes, to antibiotics. Moreover, it is necessary to monitor the emergence of antibiotic-resistant strains, as these would make it difficult to treat PDD.
Because of the difficulty of culturing and isolating Treponema species from PDD lesions, little is known about the antimicrobial susceptibility of treponemes, including those associated with PDD. Recently, using a new culture method, we successfully isolated and characterized 40 strains of T. phagedenis-like spirochetes from dairy cattle with PDD lesions [21] . In the present study, we investigated the antimicrobial susceptibility of Treponema phagedenislike spirochetes isolated from dairy cattle with PDD lesions in Japan.
The strains used in this study were considered to be identical species close to T. phagedenis based on their 16S rRNA gene nucleotide sequences [21] . We examined 23 better-growing strains (Table 1) among the 40 strains isolated, since sufficient amounts of bacterial cells were necessary for the tests. The strains examined were isolated from Holstein cows on 8 farms in 6 prefectures of Japan between October 2004 and January 2007. They included strains isolated from the same PDD lesions or from different lesions in identical cattle.
We used 15 antimicrobial agents, i.e, penicillin G (PCG), ampicillin (ABPC), kanamycin (KM), streptomycin (SM), oxytetracycline (OTC), lincomycin (LCM), erythromycin (EM), chloramphenicol (CP), rifampicin (RFP), sulfamethoxazole (SMX), trimethoprim (TMP), colistin (CL), gentamicin (GM) (Sigma-Aldrich, St. Louis, MO, U.S.A.), enrofloxacin (ERFX) (Kanto Chemical, Tokyo, Japan), and ceftiofur (CTF) (Pfizer Pharmaceutical Co., New York, NY, U.S.A.).
A microdilution method [6, 8, 14] was applied to measure the minimal inhibitory concentrations (MICs) of Treponema phagedenis-like strains using sterile 96-well flat-bottomed microplates (Asahi Techno Glass, Tokyo, Japan). Serial two-fold dilutions of the antibiotics ranging from 128 to 0.06 g/ml in PDDTp broth without antibiotics [21] were made. The bacterial strains tested were incubated at 35C for 14 days under anaerobic conditions using AnaeroPack (Mitsubishi Gas Chemical Co., Tokyo, Japan) on PDDTp agar plates without antibiotics as described in a previous report [21] . The bacterial cells were suspended in PDDTp broth and the optical density at 550 nm was adjusted to 0.1 (approximately 10 7 organisms/ml). Volumes of 100 l of the diluents of each antimicrobial agent were placed in 96-well microplates, and then 100 l of the bacterial suspension was added to each well, followed by incubation at 35C for 14 days under anaerobic conditions as described above. The lowest concentrations of antimicrobial agents tested that inhibited the growth of the strains were recorded as the MIC for each of the agents. To validate the method in the present study, T. phagedenis ATCC27087 (Kazan 8) was used as a control bacterium. It was grown and MICs were examined under the same conditions. The control data were compared to the previously reported MIC results of PCG, ABPC, and EM (<1 g/ml) [1] .
The results of antimicrobial susceptibility of 23 Treponema phagedenis-like spirochete strains from PDD lesions are shown in Table 2 . Although all MIC values showed a monomodal distribution, the MICs of the antimicrobial agents for 90% (MIC 90 ) of the isolates tested varied among the agents examined. The MIC 90 values for PCG, ABPC, and EM were <0.06 g/ml. In contrast, those for KM, SM, RFP, SMX, TMP and CL were >128 g/ml. OTC, LCM, ERFX, CP, CTF, and GM showed intermediate values, i.e., 0.5~32 g/ml. Although the stains examined were isolated from different farms and regions in Japan, including strains isolated from the same PDD lesions or from different lesions in identical cattle (Table 1) , there was no obvious difference in the MIC values among the isolates. Evans et al. examined the MICs of 8 antibiotics for 8 T. phagedenislike strains isolated from cattle with PDD in the UK [6] . When our results were compared with their data, the MICs of PCG, ABPC, EM, OTC, LCM, and GM were consistent. On the other hand, the MIC of ERFX was different, i.e., 24~96 g/ml in the UK strains and 4~16 g/ml in the Japanese strains. There is a possible reason for the discrepancy in MIC values: five-fold concentration of EFLX (5 g/ml) was added to the selective medium for the isolation of UK strains compared to our medium, suggesting that highly resistant strains to EFLX were isolated selectively.
T. phagedenis-like spirochetes have been detected or isolated from PDD lesions in several countries including the USA and Europe [5, 15, 20] , and Klitggard et al. have suggested that this spirochete is one of the most prevalent treponemes in PDD lesions [9] . Therefore, we considered that data on the antimicrobial susceptibility of this organism would provide helpful information for the treatment of PDD and the development of a selective medium for isolation.
To date, however, there has been no standard method for determining the antimicrobial susceptibility of fastidious PDD-related treponemes. Moreover, breakpoints for these organisms have not been determined. For this reason, we compared the MIC 90 values for the strains examined using a microplate dilution method. The present study showed clear differences in susceptibility to the antimicrobial agents tested. PCG, ABPC, and EM showed the lowest MIC 90 (<0.06 g/ml) and OTC, LCM, ERFX, CP, CTF, and GM showed intermediate values (0.5~32 g/ml), suggesting that they might be applicable for the treatment of PDD. In fact, several clinical trials of antibiotic treatment for PDD have been reported, and PCG, EM, LCM, OTC, CP, and CTF were found to be effective [10, 16] .
It appeared that the MIC 90 values for KM, SM, RFP, SMX, TMP and CL were >128 g/ml. Since the MIC values of these agents did not show a bimodal distribution, the strains tested may have natural resistance. Treponemes are known to have natural resistance to RFP because of changes in the amino acid sequence of RpoB [19] . However, the mechanisms responsible for natural resistance to other antimicrobial agents remain unknown. Furthermore, increasing acquired resistance of T. pallidum to macrolide antibiotics resulting from a response to antibiotic pressure has been reported [12] . Evans et al. showed that one strain of T. phagedenis-like spirochete isolated from PDD gained spectinomycin resistance because of a point mutation in the 16S rRNA gene [6] . Therefore, appropriate usage of antibiotics will be required to prevent the emergence of resistant treponemes.
Although several research groups have isolated Treponema species using methods previously employed for the isolation of human oral treponemes, no selective media supplemented with suitable antimicrobial agents have been previously developed for the primary isolation of treponemes from PDD lesions. To isolate treponemes from PDD lesions, RFP and ERFX are frequently used as selective agents at a concentration of 1~25 g/ml and 1~10 g/ml, respectively [5, 15, 18, 20, 21] . Leschine and Canale-Parola reported that addition of RFP to culture medium markedly increased the isolation rate of oral spirochetes [11] . In the present study, the MIC 90 value of RFP for T. phagedenislike strains isolated from PDD was >128 g/ml, suggesting that the concentration of RFP added was adequate. On the other hand, the MIC 90 of ERFX was 8 g/ml. Although we added ERFX at 1 g/ml to the selective media for isolating T. phagedenis-like strains from PDD lesions [21] , a higher concentration of the agent could be added for effective isolation of this fastidious organism to avoid the growth of other bacteria.
Since PDD is considered to be a multiple bacterial infection, the antimicrobial susceptibility of other bacteria isolated from the lesions should also be examined for the effective treatment of PDD.
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